Fundus photographs enable non-invasive analysis of the status of the microcirculation by directly observing the retinal vasculature. Retinal microvascular abnormalities are important clinical markers of hypertension and arteriosclerosis, but retinal microvascular changes can be observed in older individuals without hypertension. In this study, our goal is to elucidate the effects of aging on fundus vessels in the retinal photograph. We analyzed retinal vessels of 161 healthy volunteers (49.5 ± 18.7 years, range 18-87) using in-house computer-aided measurement system to measure areas and diameters of all retinal vessels across the entire area of a retinal photograph. The vessels were segmented according to color, and then their area, size, length and thickness were measured by image processing. We also analyzed the correlation between total blood vessel area, age and mean arterial blood pressure (MABP). The decrease in total blood vessel area was dependent on both age and MABP. Moreover, decrease in blood vessel area was also correlated with age for the normotensive group. Furthermore, the slope of the regression line for retinal vessel area with MABP was significantly higher in participants aged ≤ 60 years than in those aged over 60 years. Changes in retinal vessel area with aging were observed in both arterioles and venules. In conclusion, we found the significant decrease in retinal vessel area that is correlated well with calendar age. Therefore, we need to carefully apply traditional classifications of fundus examination for hypertensive retinopathy in older individuals.
Fundus photographs enable non-invasive analysis of the status of the microcirculation by directly observing the retinal vasculature. Retinal microvascular abnormalities such as generalized and focal arteriolar narrowing, arteriovenous nicking, and retinopathy (changes in the light reflex of the arteriole, microaneurysms, hemorrhages, and hard exudates) have been classified and investigated (Wagener et al. 1947; Scheie 1953; Leishman 1957; Stokoe and Turner 1966; Klein et al. 1993; Yu et al. 1998 ). These abnormalities are important clinical markers of hypertension and arteriosclerosis. However, it is difficult even for highly experienced ophthalmologists to detect and evaluate quantitative microvascular changes with reproducibility (Kagan et al. 1966) .
Recent advances in computer-aided diagnosis (CAD) have made it possible to apply quantitative approaches for both analysis and diagnosis (Hubbard et al. 1999; Couper et al. 2002) . CAD has been developed over the last 20 years following advances in computer technology and software algorithms as well as improved image capture techniques with higher resolution. Using CAD, the relationship between changes in retinal microvasculature and hypertension can be elucidated. Furthermore, cardiovascular diseases and stroke can be predicted by precisely measuring the diameter of the central retinal artery and vein (Hubbard et al. 1999; Kwa et al. 2002; Wong 2004; Wong and McIntosh 2005; Wong et al. 2006) . The Atherosclerosis Risk in Communities study (ARIC) is the most widely accepted program for analyzing retinal photographs. However retinal microvascular changes can be observed in older individuals without hypertension Wang et al. 2003; Wong 2004) , these results could not be representative of overall changes in retinal vessels. As a result, there is often a divergence in assessment between CAD and ophthalmologists. In this study, we measured the areas and diameters of all blood vessels in the retinal photograph using our in-house developed computer-aided analysis system in order to elucidate the effects of aging on fundus vessels.
Materials and Methods

Study Population
The study participants were volunteers at Matsumoto Dental University Hospital, Shiojiri, Japan. A total of 249 participants aged 18 to 87 years (53.2 ± 19.8 years) (mean ± s.d.), were enrolled in this study.
Ethics
This study was performed according to the Declaration of Helsinki and was approved by the ethical committee, Faculty of Medicine, Shinshu University, Tohoku University and Matsumoto Dental University, Japan. We obtained informed consent from all participants involved in our study.
Retinal Photography
Color stereoscopic retinal photographs in the range of 45° centered on the macula were taken for one or both eyes (only 1 field) using a fundus camera (model TRC-NW7SF, Topcon Optical Co., Tokyo, Japan). The format was JPEG and the dimension was 2,048 × 1,536 pixels. Two or more ophthalmologists independently examined the photographs. Individuals with ophthalmoscopic abnormalities such as retinal hemorrhage, exudates, microaneurysms, advanced cataract and chorioretinal atrophies were excluded from this study.
Measurement of Retinal Vessels
All areas and diameters of retinal vessels that could be recognized by our measurement system were measured in pixels on digitized retinal photographs. For analyzing the retinal vasculature in digital images, vessels were first segmented according to color, and then their area, size, length and thickness were measured by image processing. Various algorithms for vessel extraction have been developed (Hoover et al. 2000) . The quality of retinal images is strongly influenced by light intensity and conditions during image capture and also the skill of the operator. Therefore, in order to increase the overall quality and reduce the variation in quality, we developed an algorithm using multiple color channels, the green channel of RGB (Red, Green, and Blue) color system and the Hue value of HSV (Hue, Saturation, and Value) color system. In our algorithm, the complementary use of multiple color channels reduces the negative influence of area brightness on image quality. This technique stabilized the quality of the extracted import data even in a database which included low quality images (Fig. 1) . The vasculature extracted from a color image was obtained as a binary image where the vasculature was white and non-vascularized regions were black ( Fig. 2A) . Thinning processes using the Hilditch thinning algorithm detected the center line of vessels in the original pixels (Fig. 2B ). Distance transforma- Fig. 1 . Extraction of retinal vessels using our computer-aided measurement system.
For analyzing retinal vessels in digital photographs, vessels were first segmented with color information (blue color).
The total blood vessel area in retinal images was calculated using factors such as area size, length, and thickness of retinal vessels extracted by image processing. We have developed an algorithm using multiple color channels, which can stabilize extraction qualities. The precision of the extraction is not different between photographs in normal quality (upper photo) and in low quality (lower photo).
tion processes assigned each pixel in white (vasculature) regions its distance value from boundaries between white regions and black (background, non-vascularized) regions (Fig. 2C) . After a thinning image was overlaid on a distance transformed image, pixels on center lines were given a distance value from a boundary ( Fig. 2D ). Calculating strict vessel diameter to all center line pixels is very timeconsuming. The distance value of thinning pixels is a good approximation to a half of a vessel diameter (Fig. 3) . Although the two values are not strictly equal where the change of a vessel diameter is striking, center lines and distance values almost matched by our method with very quickness. Therefore, we confirmed distance values on center lines as half that of vessel diameters. Total blood vessel area size can be computed from the sum of all distance values on center lines. Abnormally large distance values caused by false vessel extraction were removed in calculating a total blood vessel area size. The retinal area measured was not significantly different between right and left eyes of the same individuals, therefore, we analyzed either the left or the right eye from each individual rather than both, enabling more resources to be used per analysis, resulting in higher quality results.
Measurement of Blood Pressure
Blood pressure was measured using an automated sphygmomanometer (model BP-203RVIII, Omron Healthcare Co., Kyoto, Japan) after subjects were comfortably seated for 5 min. mean arterial blood pressure (MABP) was calculated as 0.33 of systolic blood pressure (SBP) plus 0.67 of diastolic blood pressure (DBP). Participants with SBP ≥ 140 mmHg or a DBP ≥ 90 mmHg were categorized in the hypertensive group.
Statistical Analysis
The distribution of the data was examined first by Shapiro-Wilk tests. Data were statistically analyzed, and the difference was considered statistically significant in case p < 0.05. Pearson correlation coefficients (r) were used to measure the relationship between age, total area of vessels and blood pressure. The difference between the regression slopes of the two groups was statistically examined, which employed t-test.
Results
The participants included 249 volunteers aged 18 to 87 years (53.2 ± 19.8 years). We excluded cases with ophthalmoscopic abnormality and those of young participants who had difficulty with the analysis using the computer program because of excessive reflection of light on the posterior vitreous membrane. Retinal vasculature of 161 participants (49.5 ± 18.7 years, range 18-87, 56 men and 105 women) was examined using our computer-aided measurement system elaborated in this study (Table 1 ). All areas and diameters of retinal vessels that could be recognized by our measurement system were measured in pixels on digitized retinal photographs (Fig. 1) . A scatter plot matrix shows that the total area of blood vessels decreased with age (Pearson correlation coefficient: r = −0.63; p < 0.0001) and mean arterial blood pressure (MABP) (r = −0.44; p < 0.0001) (Fig. 4) . Fig. 5 shows a path analysis based on multiple linear regression analysis. A path analysis based on multiple linear regressions analysis showed that the decrease in total blood vessel area was more dependent on age (standard partial regression coefficient: SPR = −0.54; A: Vessels extracted from a color image is transformed into a binary image where the vessel is in white and the background region is in black. B: Hilditch thinning algorithm detects the center line of vessels in the original image. C: The distance transformation process gives each pixel its distance value from boundaries between the vessel region (white) and the background region (black). D: After a thinning image is overlaid on a distance transformed image, the calculated distance from the boundary is presented on the pixels of the center line.
p < 0.001) than on MABP (SPR = −0.20; p < 0.01). We also analyzed the correlation after excluding the hypertensive group (SBP ≥ 140 mmHg or a DBP ≥ 90 mmHg). In total, 128 subjects (80%) remained and a strong inverse correlation between total blood vessel area and age still existed (r = −0.64, Table 2 , Fig. 6A ). The inverse correlation was also observed in 72 (45%) of participants even after excluding individuals with SBP ≥ 120 mmHg or DBP ≥ 80 mmHg (r = −0.58; p < 0.0001, Table 3 , Fig. 6B ). In addition, the slope of the regression line for MABP was steeper in participants ≤ 60 years (r = −0.47; p < 0.0001) than in those > 60 years (r = −0.16; p = 0.25). The difference between the regression slopes of the two groups was significant (t-test, p < 0.05) (Fig. 7) . Furthermore, we analyzed arterioles and venules separately in 27 cases; 9 of which were randomly selected from the following 3 groups: younger individuals (aged < 30 years), middle-aged (aged 40-50 years), and older (aged > 60 years) after excluding subjects with hypertension. Two ophthalmologists performed independent qualitative A shows an original image of fundus vessels in the retinal photograph (× 400). B shows reconstructed vessel image after the thinning algorithm (blue area) overlapped onto the original image. examination of blood vessels in the original color photographs in order to classify them into either arterioles or venules: where there was ambiguity in initial classification the ophthalmologists preformed re-examination in order to arrive at a consensus classification. This was required as the computer-aided measurement system could not discriminate between arterioles and venules. The total area of both arterioles (r = −0.82; p < 0.0001) and venules (r = −0.78; p < 0.0001) was correlated with age ( Fig. 8A) . On the other hand, the correlation coefficient between MABP to the area was not significant (r = −0.34; p = 0.08 and r = −0.26; p = 0.19) (Fig. 8B) .
Discussion
We analyzed retinal vessels of 161 healthy volunteers using computer-aided measurement system to measure Scatter plot matrix of the total blood vessel area and age and MABP with the 95% prediction confidence ellipses. areas and diameters of all retinal vessels across the entire area of a retinal photograph. The decrease in total area of retinal vessels was strongly associated with age (Fig. 9) . The inverse correlation between total vessel area and age was confirmed even in the normotensive group. In addition, the slope of the regression line of the total area of vessels for MABP was significantly higher in those aged ≤ 60 years than in those aged > 60 years. These are consistent with the recent report that fundus findings are a poor predictor of the risk of systemic disorders such as coronary artery diseases for those aged 75 years and older compared with middle aged individuals ; van den
Born et al. 2005).
We independently analyzed the arterioles and venules of young, middle aged, and older participants in order to confirm the effect of blood pressure and aging on arterioles and venules. In our study, both arteriole and venule areas were correlated with age. Our method is simple to use and permits easy detection and area determination of all fundus vessels in a retinal photograph, but cannot discriminate between arterioles and venules. However our study indicated that the retinal areas of both arterioles and venules exhibit similar age-related patterns in for healthy volunteers of this study. The participants was classified by blood pressure by two phases. Fig. 6 . Correlation between age and the total area of vessels in non-hypertensive group. Inverse correlation between age and total area of vessels both in group A (SBP < 140 mmHg, DBP < 90 mmHg) and group B (SBP < 120 mmHg, DBP < 80 mmHg). Corneal curvature, refractive errors and axial length affect the magnification of retinal photographs. Several formulae to calculate their absolute values have been developed (Parr and Spears 1974; Bennett et al. 1994 ). Knudtson et al. reported a size correcting formula for axial length (Knudtson et al. 2003) . In the present study, the longer the axial length was the narrower the retinal vessel diameter was in a photograph. Although we did not estimate axial length of the participants, it is known that axial length of older individuals is smaller in Japanese participants than younger individuals (Esaki et al. 2000; Hamano 2001 ). Therefore, the diameter of retinal vessels may be slightly overestimated in older participants and the evaluated retinal vessel area might be greater than the actual value.
Branch retinal vein occlusion (BRVO) is a frequent retinal vascular disease with an incidence of 2.14/1,000/ year in the population over 40 years of age (David et al. 1988) . It may cause immediate vision loss due to reduced blood perfusion and subsequent retinal hypoxia (Kanski 2007) . Correlations between BRVO and systemic disorder Fig.7 . Correlation between MABP and the total area of blood vessels.
The total area of blood vessels was correlated with MABP in participants aged ≤ 60 years (r = −0.47), but not in those aged > 60 years (r = −0.16). such as hypertension or diabetes mellitus have been reported. However, the cause of BRVO in old people without these systemic disorders remains unclear (Klein et al. 2000; Hayreh et al. 2001) . Our results suggest that the total blood vessel area decreases along with aging and that MABP has a small impact on people aged over 60. We think that the age-related decrease of total blood vessel area on ocular fundus may be one of causes for BRVO.
In conclusion, we found that significant decreases in retinal vessel area correlated well with calendar age using our in-house developed computer-aided measurement system. A strong correlation was observed between age and retinal vessel area in normotensive participants. Our study warns that ophthalmologists might have overestimated retinal vessel changes due to hypertension when the fundus of older participants was examined. Ophthalmologists should carefully consider the age associated decrease of vessel area when evaluating retinal vessels in older individuals.
